We have studied SA7 (simian adenovirus 7) lyric infection at the ultrastructural level. The use of cytochemical techniques which specifically stain DNA or preferentially stain ribonucleoproteins permitted the analysis of the structure of the virus-induced nuclear inclusions, and revealed presumed virus DNA before the appearance of other nuclear alterations. Correlation of these findings with high resolution autoradiography enabled the functions of virus DNA replication and transcription to be ascribed to a defined nuclear inclusion. We demonstrate that the nucleolus remains distinct from the inclusion body, contrary to the situation in other adenovirus-infected cells. The functional role of host cell chromatin and of the nucleolus are discussed.
INTRODUCTION
Several papers have previously described at the ultrastructural level the alterations induced in the nucleus of adenoviras-infected cells. We have been interested by the modifications produced in cultured cells by the highly oncogenic SA7 (Hull et al. 1965 ) which has not previously been studied with the electron microscope. The morphological aspect of these modifications could be conveniently observed by the application of conventional staining techniques. However, the precise localization of DNA transcription and replication within the infected cell nucleus is still controversial. We have attempted to clarify this question by using high resolution cytochemistry and autoradiography methods which have as yet rarely been applied to adenovirus-infected cells.
We first studied the cytochemistry of the nuclear inclusions induced by the virus infection with respect to their content of DNA, ribonucleoproteins (RNP) and proteins. It was thus possible to determine in which of these inclusions the functions of transcription and replication were localized. The validity of these conclusions was then ascertained by high resolution autoradiography.
METHODS

Cells and virus. Kidney cells of
Cercopithecus aethiops prepared as a suspension were obtained weekly from the Institut M~rieux (Lyon, France). After cultivation in glass flasks for IO days at 37 °C in Eagle's MEM with IO % calf serum, the cultures were trypsinized. New cultures were then seeded with lO G cells in 5 ml of the same medium in 25 cm z Falcon flasks. After 72 h the cultures were infected with IO p.f.u./ceU. The SAT strain used was initially obtained from Dr F. Rapp (Baylor University, Houston, Texas).
Fixation and embedding. The cultures were fixed in situ at 4 °C with 1.6 % glutaraldehyde
General morphology
The uninfected control cells displayed the classical ultrastructural features of fibroblastlike cultured cells with an elongated nucleus. Chromatin was largely dispersed; the nucleolar structure was normal with intermingled granular and fibrillar components.
In cells observed 2 4 h after infection, the cytoplasm was very similar to control cells using conventional staining techniques (Fig. I, 2) . The nucleus was extensively modified with chromatin entirely condensed at the nuclear periphery. The centre of the nucleus was occupied by a bulky inclusion body. It contained virions often arranged in an orderly pseudo-crystalline array. Apart from the virus particles, two other structures could be distinguished with respect to their electron density. We named them dense fibrillar inclusions and clear fibrillar inclusions. Loosely dispersed virions were visible between the central inclusion body and the marginated chromatin. In the same localization dense amorphous inclusions were occasionally seen. The nucleolus was recognizable and clearly distinct from the main inclusion body, but it contained considerably fewer granular components (Fig. 2) . 
Ultracytochemistry of SA7 infection
Cytochemistry Preferential RNP staining
This technique bleaches chromatin and maintains its contrast to the other nuclear components. W h e n this technique is carried out after glutaraldehyde fixation, it stains the R N P preferentially but not specifically (Bernhard, 1969) . This reaction is a regressive one: the bleaching effect increases with the duration of the EDTA treatment; it also varies with the degree of chromatin condensation and probably also with the nature of the associated proteins.
The RNP method did not permit the detection of early changes in the nuclei of infected cells. However, in cells 24 h p.i. which contained virions, chromatin was often seen in intimate contact with a fibrillar material very similar to perichromatin fibrils (Monneron & Bernhard, 1969;  Fig. 3 ). In the inclusion body, some well defined zones were bleached whereas the other structures remained contrasted (Fig. 4) . Comparison with conventional staining (Fig. I) shows that the bleached zones correspond to the dense fibrillar inclusions. The absence of bleaching of the clear fibrillar inclusions could be interpreted as meaning that they contain RNP. However, the nucleoids of virus particles were also stained while their DNA nature is well established. This discrepancy can be attributed to the above mentioned regressive principle of the staining method. In addition, the diameter of the nucleoids is smaller than the section thickness, implying that the bleaching effect of the EDTA might be less effective.
Specific DNA staining
In control cells (Fig. 5) this reaction revealed nuclear chromatin as a dispersed structure, dense only along the nuclear periphery and in association with the nucleolus. The intranucleolar chromatin was abundant and dispersed.
In infected cells, before the appearance of other nuclear alterations, the nucleolar chromatin became denser (Fig. 6) . In infected cells with nuclear chromatin incompletely marginated, it was possible to see thin DNA fibrils appearing in the nucleoplasm independently from the nucleolar alterations. Such fibrils, which we called A fibrils, were never seen in control ceils. Their thickness, as measured on the micrographs, ranged from 5 to Io rim. As type A fibrils grew more numerous, a second type of DNA fibril (type B) appeared progressively; made of thinner and more closely packed fibres (Fig. 7 ). Both types were clearly different from the chromatin, stiU more densely packed. In some cases, it was possible to see a structural continuity between the nuclear chromatin and type A fibrils (Fig. 7) . A and B fibrils formed a network, within the mesh of which the virions finally appeared (Fig. 8) . The technique used here to stain the DNA only contrasted the DNAcontaining nucleoids of the virus particles; the capsid was not visualized.
Thus, the specific Feulgen-like stain permitted us to distinguish up to four degrees of DNA packing in the infected cell nucleus: chromatin, types A and B fibrils and the nucleoids of the virus particles. The dense amorphous inclusions were DNA negative (Fig. 8, inset ). When these pictures were compared to those obtained with the conventional or RNP methods (Fig. ~, 4) , it seemed possible that type A fibrils could correspond to the clear fibrillar inclusions while type B could correspond to the dense fibrillar inclusions.
In order to clarify this point, serial sections of cells were made at 24 h p.i. They were harvested and stained individually, one section with the RNP preferential method, and the following one with the DNA specific stain. In this way we could observe exactly the same structure treated by both techniques (Fig. 9 , IO). The DNA positive type A fibrils were localized in structures that remained contrasted after the RNP method while the DNA positive type B fibrils were located in entirely bleached nuclear inclusions. Two conclusions can be drawn from this observation:
(i) Topological. The dense fibrillar inclusions (conventional staining) can be equated with type B fibrils (DNA) and with the bleached nuclear inclusions (RNP). The clear fibriUar inclusions contain type A fibrils and remain contrasted after application of the RNP method.
(ii) Cytochemical. The arrangement of type B fibrils is similar to dense chromatin. The analogy is reinforced by the easy bleaching by the RNP method of the inclusions containing these fibrils; chromatin reacts in the same manner (Fig. 3, 4) . Whereas persistence of contrast after the RNP technique is not an absolute demonstration that the structure considered contains RNP, bleaching is so far a good indication that it contains DNA and no detectable RNP. The dense fibrillar inclusions contain apparently dense DNA with very little or no RNP. In contrast, when the RNP technique was applied to areas containing DNA type A fibrils, they were not bleached. The A fibrils are in a dispersed state. A possible bleaching effect of EDTA would thus be hidden by the remaining contrast of the material in which they are embedded. However, the contrast of that material after RNP staining could be an indication that it contains RNP in addition to the demonstrated DNA. In view of the above mentioned restrictions about the interpretation of these results, we used enzymic extractions to verify them.
Enzymic extractions
After embedding in water-soluble GMA, allowing penetration of the enzymes in thin sections, the appearance of the undigested controls was no different from that of Epon embedded cells (Fig. r r) . The results of the experiments are summarized in Table I . Digestion with RNase caused no changes in the staining of the nuclear inclusions although extraction of the cytoplasmic ribosomes demonstrated the effectiveness of the digestion. After 2o rain of treatment with protease, the capsids of the virus particles were extracted. The degree of staining of the dense amorphous inclusion was considerably reduced, indicating that it mainly contains proteins. This conclusion is also supported by its negative DNA reaction. Contrast of the clear fibrillar inclusion was generally decreased but no other change was observed. Double digestion with protease followed by RNase was more successful (Fig. I2) . In addition to the results obtained with protease alone (cited above), it was possible to observe numerous dispersed fibrils within the clear fibrillar inclusion. This result added to those of DNA staining led to the conclusion that we had again observed the same fibrils. The conditions of the experiment showed that the DNA fibrils are embedded in an RNP matrix since the double digestion was needed to reveal them.
The cytochemical structure of the clear fibrillar inclusion suggested that it might be an important site of transcription in the infected cell nucleus. The cytochemical results indicated that either the same inclusion or the dense fibrillar one were logical candidates for the site o f replication.
Autoradiography Incorporation of thymidine
In uninfected control cells, we observed two types of distribution o f the silver grains: most cells displayed no label while some were heavily labelled, chiefly on chromatin, peripheral as well as nucleolar. This is clearly related to their presence in the S phase of the cell cycle.
In cells 24 h p.i. which contained virions, the cytoplasm was clear of silver grains and the peripheral marginated chromatin was devoid of label (Fig. I3) . In the inclusion body, the silver grains were exclusively localized on the clear fibrillar inclusion. No label was present on the virus particles either in pseudo-crystalline array or loosely dispersed. The nucleolus was devoid of label.
Incorporation of uridine
Uninfected controls displayed a homogeneous nuclear label, more intense on the nucleolus. As dense chromatin was very scarce in these cells, it was not'possible to determine whether the perichromatin border was more intensely labelled than other nuclear regions.
In infected cells, the intensity of the label varied with the cell region (Fig. 14, I5 ). Few silver grains were seen on the cytoplasm and on the loosely dispersed virus particles. The dense marginated chromatin was easily recognized but displayed no particular labelling pattern. Only two structures showed a higher activity: the clear fibrillar zone and the nucleoli. The different distribution of the silver grains over the nucleoli and over the main inclusion body allowed these structures to be easily distinguished (Fig. ~4 ). This autoradiographical evidence added to our morphological findings show that the nucleolus persists in cells with a large inclusion body. Regarding the clear fibriUar inclusion, its labelling was especially visible in nuclei where it was more developed than the dense fibrillar inclusion (Fig. t5) . The latter structure was not labelled, neither were the pseudo-crystalline arrangements of virus particles.
DISCUSSION
We have described the nuclear lesions induced in cultured cells by SA7. Our results permitted us to locate precisely the sites of transcription and replication within the inclusion body: both functions are carried out in the clear fibrillar inclusion as shown by the combination of autoradiography and cytochemistry.
The morphology of the nuclei of SA7 infected cells is essentially similar to that of cells infected by other adenoviruses. The nuclear changes induced in KB cells by adenovirus I2 were studied by Martinez-Palomo et al. (I967) . Some of the inclusions they described are identical to those induced by SA7: their type I corresponds to our dense amorphous inclusion, type II is equivalent to the clear fibrillar inclusion while type IV represents the dense fibrillar inclusion. However, the alterations induced by SA 7 were less numerous: we found no equivalent to type III inclusion, no proteinaceous paracrystals, also observed in adenovirus 5 infected cells (Morgan et al. 1957; Boulanger et al. ~97o) ; neither did we observe the intranuclear tubular structures claimed to be related to the assembly of SV 30 (Slifkin et aL I969) .
Application of a DNA specific stain (Cogliati & Gautier, I973) allowed the direct visualization, at the ultrastructural level, of newly formed DNA-containing structures that in all likelihood represent virus DNA since the host cell DNA synthesis is almost completely blocked in adenovirus infected cells (Pifia & Green, I969) . This new technique yields a positive stain: such methods are more sensitive than enzymic extractions that reveal only large differences between the control and the extracted thin sections (Bernhard & Tournier, I962) . The DNA type A fibrils that were first visible during the course of SA 7 infection were later accompanied by B fibrils: it seems likely that B fibrils represent virus DNA produced in excess in adenovirus-infected cells (Green, I962) while the A fibrils are the G. MOYNE, E. PICHARD AND W. BERNHARD actively transcribing and replicating form of DNA. These results are entirely confirmed by the other cytochemical techniques used: RNP preferential staining and enzymic extractions. The use of serial sections has shown that the DNA and RNP techniques are complementary.
Another point of interest is the controversial involvement of the nucleolus in the multiplication of the virus particles. Martinez-Palomo et al. (1967) and Slifkin et al. (I969) considered the main inclusion body as an extension of the nucleolus with the virus multiplication occurring in the meshes of the nucleolonema. Yamamoto & Shahrabadi 097I), studying a canine adenovirus, and Phillips & Raskas 0972), studying KB cells infected by adenovirus 2, found nucleoli distinct from the virus-induced nuclear inclusions. Yamamoto & Shahrabadi 097I) also demonstrated that the nucleolar activity as visualized by autoradiography could be distinguished from the other nuclear components. In our system, it is clear that the nucleolus is morphologically distinct from the inclusion body (Fig. 2) . It can be characterized functionally by autoradiography (Fig. I4 ): in cells 24 h p.i., the nucleolus incorporates uridine much more actively than both the inclusion body and the cellular chromatin. In other adenovirus-infected cells, it was shown that the transfer to cytoplasm of newly synthesized ribosomal RNA is almost stopped (Raskas et aL I97o) in spite of continued synthesis of the 45S precursor ribosomal RNA (Ledinko, 1972) . From these observations, it was concluded that ribosomal RNA processing was altered (Philipson & Lindberg, I974) . We can therefore assume that our autoradiograms visualize active uridine incorporation but they do not imply that the RNA is normally processed. On the other hand, the rarity of the granular component in the nucleoli of infected ceils is easily understood in terms of incomplete processing: in the normal process, precursor RNA is first seen as fibrils that later take the form of granules as the biochemical processing takes place (Geuskens & Bernhard, I966) .
It has been shown repeatedly in uninfected cells that the newly synthesized RNP containing the HnRNA can be visualized as perichromatin fibrils using the RNP preferential staining method combined with autoradiography (Fakan & Bernhard, I97I; Bachellerie et al. I975; Nash et al. 1975) . However, the observation of RNP fibrils in contact with chromatin does not necessarily imply that they have been recently synthesized: in cells undergoing mitosis, we have shown perichromosomal RNP synthesized before the outset of prophase (Moyne & Garrido, ~976) . Here also, it seems that the perichromatin RNP material that we observed in cells 24 h p.i. (Fig. 3) represents RNP synthesized earlier, possibly as perichromatin fibrils that were not processed and consequently accumulated on the same site. Accordingly, in comparison with the nucleolus and the inclusion body, incorporation of uridine took place at a very low level on the border of marginated chromatin in spite of the presence of accumulated RNP (Fig. I4, I5) . Does uridine incorporation in the inclusion body indicate virus RNA synthesis only? With different adenoviruses, it was found that the newly synthesized virus RNA represents 25 to 50% of the total nuclear RNA (Mak & Green, 1968; McGuire et al. I972) . In our system most of the cellular DNA is condensed as inactive marginated chromatin. Furthermore, the DNA staining method allowed a morphological distinction between chromatin and the newly formed A and B DNA fibrils. Finally, since uridine incorporation was restricted to the inclusion body, with the exception of the nucleolus, we were left with the following alternative: either a part of the host cell DNA undergoes a deep morphological change and becomes a part of the inclusion body DNA (A and B fibrils) or the inclusion body contains only virus DNA. In the absence of conclusive evidence, we favour the second possibility. The clear fibrillar inclusion would thus appear to be the most probable candidate for the localization of virus transcription, taking also into account its structure of DNA fibrils embedded in an RNP matrix.
In most of our control cells no incorporation of tritiated methyl-thymidine occurred even though some of the cells displayed a heavy label, often near to dense chromatin (when it was possible to distinguish it). This labelling pattern was obviously related to cells being either in S phase or in another phase of the cell cycle. In infected cells, only the inclusion body incorporated ZH-methyl-thymidine. The autoradiograms were particularly clear (Fig. 13) and demonstrated that the label was localized in the clear fibrillar inclusion. This finding is in good agreement with the other cytochemical information on the structure of this inclusion. The clear fibrillar inclusion is consequently the site of both virus DNA transcription and replication. As we considered the type II inclusion of Martinez-Palomo et al. (1967) to be our clear fibrillar inclusion (see above), the subsequent results of Martinez-Palomo & Granboulan (1967) and Martinez-Palomo 0968) are in good agreement with ours. They found a preferential incorporation of thymidine on type II inclusions of adenovirus 12 infected cells. In a canine cell line, infectious canine laryngotracheitis virus produced ringlike inclusions that were shown to contain virus DNA and to be the site of DNA synthesis (Shahrabadi et al. 1972) . Although the morphology of the inclusion was different from that in SA7 infected cells and the work was carried out before the appearance of virus particles, the situation would appear to be similar. Regarding the problem of nuclear membrane associated replication of virus DNA, our results are in good agreement with those of Shiroki et al. (1974) showing replication of adenovirus I2 DNA in the inclusion body. Vlak et aL (I975) also found that adenovirus 5 DNA replication was not linked to the nuclear membrane; however, they stated that the arrangement of silver grains did not coincide with the type II inclusions of . Simmons et al. (I974) also concluded that the replication of adenovirus 2 DNA was not associated with the nuclear membrane. Finally, it seems that after short pulses of tritiated thymidine, the incorporation as visualized by autoradiography is not linked to the nuclear membrane.
